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Exclusive nonleptonic decays of bottom baryons to charm baryons and pseudoscalar light 
■ mesons are analyzed within a relativistic three-quark model. We include factorizing as 

. well as nonfactorizing contributions to the decay amplitudes. The total contribution of the 

, nonfactorizing diagrams amount up to 30 % of the factorizing contributions in amplitude. 

^ \ We present detailed predictions for rates and asymmetry parameters. 

cn 
o 

' 1. Introduction 

p • Recently there has been much progress in the experimental analysis of decays of heavy 

Qh! baryons 0^i. From a number of experimental collaborations (ALEPH, ARGUS, ACCMOR, 

' CLEG, OPAL, etc.) there exist many results on the mass spectrum, lifetimes, branching 



ratios and asymmetry parameters of heavy baryon decays. In the near future one can expect 
large quantities of new data on exclusive nonleptonic bottom baryon decays which calls for 
a comprehensive theoretical analysis of these decays. 

The analysis of nonleptonic heavy baryon decays is complicated by the necessity of hav- 
ing to include nonfactorizing contributions. One thus has to go beyond the factorization 
approximation which has proved quite useful in the analysis of the exclusive nonleptonic 
decays of heavy mesons 0. There have been some theoretical attempts to analyze nonlep- 
tonic heavy baryon decays using the factorizing contributions alone i, the argument being 
that VT-exchange contributions can be neglected in analogy to the power suppressed W- 
exchange contributions in the inclusive nonleptonic decays of heavy baryons. One might 
even be tempted to drop the nonfactorizing contributions on account of the fact that they 
are superficially proportional to l/N^. However, since A^-baryons contain Ac quarks an 
extra combinatorial factor proportional to Ac appears in the amplitudes which cancels the 
explicit diagrammatic 1/Ac factor i0. There is now ample empirical evidences in the c ^ s 
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sector that the nonfactorizing diagrams cannot be neglected. For example, the two observed 
decays — * "E^K^ and — > Svr can only proceed via the nonfactorizing diagrams. Their 
sizeable observed branching ratios may thus serve to obtain a measure of the size of the 
nonfactorizing contributions. 

In this paper we present a complete analysis of the exclusive nonleptonic decays of 
bottom baryons (|^) into charm baryons {\^) and light pseudoscalar mesons (0~) within 
the so-called Lagrangian spectator model which has been developed from relativistic quark 
model i~0 and may be viewed as the generalization of the spectator quark model 0. Both 
factorizing and nonfactorizing diagrams can be evaluated in a self-consistent manner within 
this approach. We calculate branching ratios and the asymmetry parameters of all the de- 
cays in this class. The main result of our analysis is that the nonfactorizing contributions 
are important also in the 6 — c sector and cannot be neglected. In the decays with both 
factorizing and nonfactorizing contributions the nonfactorizing diagrams contribute destruc- 
tively and can amount up to 30 % of the nonfactorizing contribution in amplitude. Some of 
the decay channels as e.g. A° S+tt^ and S^fC" have no factorizing contribution 

but are predicted to occur in our approach albeit with a small branching fraction. It would 
be important to have an experimental confirmation of this prediction. 

2. Lagrangian spectator model 

In this paper we will use a relativistic quark model developed in IH to calculate nonlep- 
tonic decays of heavy baryons. This model has been successfully applied to the description 
of the electromagnetic properties of nucleons and has been extended to an analysis of 
the semileptonic decays of heavy baryons 0. Since the evaluation of the nonleptonic decay 
amplitudes involves three-loop diagrams with nonlocal vertices, we shall make some sim- 
plifying assumptions which, on the one hand, have a clear physics motivation, and, on the 
other hand, allow one to evaluate both the factorizing and the nonfactorizing contributions 
to nonleptonic baryon decays. 

Let us begin by recalling some of the crucial points of the approach developed in 
We consider the hadron to be a bound state of relativistic constituent quarks. The coupling 
of the hadrons to their constituent quarks is described by an interaction Lagrangian with an 
effective vertex function characterizing the momentum distribution of the constituents. 

The Lagrangian describing the interaction of baryons with the three-quark current is 
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written as 



C^\x) = gsB{x)Jdy,Jdy2jdys6\^x-^^^jF\^^Y.iy^-yj"' 

X ^5(1/1,2/2,1/3) +h.c. (1) 

where Jb(i/i, 2/2, l/s) = rig"^(?/i)g"2(y2)CT2g"^(?/3)£:"^"^"^ is the three-quark current with the 
quantum numbers of the baryon B. The spatial four-coordinates yi (i=l,2,3) of the quarks 
are expressed through the cm. coordinate (.) and the relative Jacobi coordinates (6,6) 0. 
The r 

1^2 are strings of Dirac matrices, C is the charge conjugation matrix, and Oj are colour 
indices. 

The spin-flavour structure of heavy-light baryon currents has been studied in detail in 
the papers 000. It was shown that in the heavy quark limit there are two currents for A- 
type baryons containing a light diquark with spin zero and two currents for f2-type baryons 
having a light diquark with spin 1. In ref.0 we have shown that in the heavy quark limit 
the heavy quark factorizes from the light degrees of freedom. Then the Lagrangian which 
describes the interaction of Ag-baryon with the constituent quarks may be written as 

(x) = gA^AQ{x)r,Q^{x) J rf^i / d^2F{Al^ ■ [e? + ^2']) (2) 



X 



{x + 36 - ^2V3)CT2d%x + 3^1 + 6 VS)^"'' + h.c. 



where Fi (g) CT2 = / ® C'j^ or 7^ C'j'^j^. The explicit form of the interaction Lagrangians 
of light baryons with their constituents can be found in Ref. 0. 

We are modelling the effective vertex function F in Eq. (0) by the Gaussian shape factor 
F{k%) = exp(— /c|;/A^) which falls off sufficiently fast in the Euclidean region to provide for 
the ultraviolet convergence of the matrix elements. It was shown in that the requirement 
of the correct unit normalization of the baryonic IW-functions C(^) and C,i{uj) at zero recoil 
uj = 1 imposes the condition A^^^ = A^^. For light baryons we introduce the cutoff parameter 
As,. The cutoff parameters A^^ = = -^Bc and A^, are the adjustable parameters. 

The Lagrangian spectator model has been derived from the relativistic quark model 
It aims to reproduce the spin amplitude structure of the spectator (or static quark) model 
analysis i. This can be achieved by assigning the projector V+ = (1 + ^)/2 to each light 
quark field in the baryon-quark vertex, and by using the static approximation for u, d and 
s quark propagators 

< 0\T{q{x)q{y)}\0 >= ^ 6^'\x - y) (3) 
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where Aq is the free parameter having the dimension of mass. We choose this parameter to 
have the same value A for u and d quarks and a different value for the strange quark. 
Note that in this model the above two options of pseudoscalar and axial currents for the 
A-type baryon and two options of vector and tensor currents for the fi-type baryon become 
equivalent in the Lagrangian spectator model. It may be seen by using the equation of 
motion Bq{x) fl = Bq{x). The baryon-quark coupling constants in Eqs.(|l],^) are fixed 
from the compositeness condition which is equivalent to the unit normalization of the elastic 
baryon form factor at the origin 0. 

In this paper we also assume for simplicity that the mesons are point-like objects, i.e. their 
interaction with the constituent quarks are described by a local nonderivative Lagrangian. 
In other words, we choose the effective meson vertex functions to be constant in momentum 
space. This is a reliable approximation for the light mesons. For heavy mesons we expect that 
form factor effects in the meson vertex become important. This prevents us from extending 
the present approach to cases with heavy mesons in the final states, such as A+ + Dj . 

In general the form factor effects in the decays involving heavy mesons in the final state are 
expected to suppress their rates relative to those obtained from a point-like vertex. Exclusive 
nonleptonic bottom baryon decays involving heavy mesons form the subject of a separate 
piece of work. 

For the heavy quark propagator Sq we will use the leading term in the inverse mass 
expansion. Suppose p = MbqV is the heavy baryon momentum. We introduce a set the 
binding energy parameters Aj^j^j} = MjQg^^j} —mq which parametrize the difference between 
the heavy baryon mass M^Qg-^^^y = Mbq and the heavy quark mass. Keeping in mind that 
the vertex function falls off sufficiently fast such that the condition \k\ « niq holds {k is 
the virtual momentum of light quarks) one has 



In what follows we will assume that A = A(^uu} = A^^cLd} = Aj^u}, A^ = A{„s} = A^^cLs}- Thus 
there are altogether three independent binding energy parameters A, A^, and Aj^s} in our 
approach. 

In the Lagrangian Spectator Model the leptonic coupling constants /^r and fx are deter- 





(4) 



2{y-k + Ajg^g^l) 
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mined by the integrals 




point-like objects. To regularize these quantities we introduce an ultraviolet cutoff parameter 
Kcut = ^gi^(?2/(^i?i +^92) with the same Ag. as in Eq.(P). Here qi corresponds to the ffavour 
of the light quark being the constituent. After that we get 



Substituting experimental values for /^r = 131 MeV and Jk = 160 MeV in Eqs.(^ we obtain 
A=1.90 GeV and A,=3.29 GeV. 

Thus, there is the following set of adjustable parameters in our model: the cutoff param- 
eters Ab, and Abq, and the set of binding energy parameters A, A^ and A^ss}- 

3. Nonleptonic transition matrix elements 

The weak nonleptonic decays of bottom and charm baryons are described by the diagrams 
Fig.l. Diagram I corresponds to the so-called factorizing contribution while the diagrams II 
and III correspond to the nonfactorizing contributions. 0The vertices On • •On arise from 
.he sta.da.d effeCve fou.fenn,„„ L Jngian which fo. . . cM ..nsLns L the fonn 



factorizing contributions are proportional to the two linear combinations ai = Ci + C2/Nc 
and a2 = C2 + Ci/Nc where Nc is the number of colours. An analysis of the nonleptonic 
decays of B mesons gives the values: ai ^ 1.05 ± 0.10 and 02 ~ 0.25 ± 0.05 S 

*In the terminology of i diagram I corresponds to factorizable external and internal W-emission, Ila to 
nonfactorizable internal W-emission and lib and III to nonfactorizable W-exchange. 




Ik 




(7) 



271 {A + AsY 
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After some straightforward calculations the matrix element describing exclusive weak 
nonleptonic decays of bottom baryons can be written as 1^ 

M = Mi + Miia + Miib + Mm = A--i^B (9) 

where the amplitudes Mj, Mna, Mub, and Mm correspond to the contributions of diagrams 
I, Ila, lib, and III in Fig.l, respectively. One has 
Factorizing contribution: 

Diagram I : M, = cwX±fp^^^{M_tpj, - M+t^^ ■ 7^)/(^) (10) 



Nonfactorizing contributions 

Diagram Ila : M„, = cwc.^^^{p+^'Jl - " i')Mi (11) 

Diagram lib : M„b = cwc^ (D+ff.^ - Q^^^ ■ 7^) M^ (12) 

Diagram III : Mm = ^wC-^^jz Mi{M,M2)ini ■ 7' (13) 

1 2 2=1 

Here, cw = {G f / V^)VbcV^^] x+ = (^1 fo^' transitions with a charged meson in the final state 
and X- = (^2 for transitions with a neutral meson in the final state; c_ = Ci — C2, and 
^75 ^fia'^ ^^la^ ^fh' ^//fc' ^11 1 fiavor coefficients whose values are listed in Table 1. We 
employ the notation M± = Mi ± M2, Q+ = (Mi + Ms)^ - M|, P+ = (M2 + Mg)^ - Mf , 
= (Ml + Mg)^ - M|, = (Mf + M| - M|)/2MiM2 where Mi, M2 and M3 are the 
masses of the initial and final baryons, and the meson, respectively. 

The contributions from diagrams lib and III are down by the helicity suppression factor 
(M2/M1) relative to the leading diagrams I and Ila in agreement with the results of the 
spectator model i. Note that there are no any additional (dynamical) mass suppression 
factors for the nonfactorizing diagrams in our approach. In particular there is no mass 
suppression of diagram Ila. The overlap factors f{ui), H2{uj) and H^^uj) pertain to the 
^We employ the notation 
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contributions of diagrams I, II and III, respectively and are given by 

R{lo,A) 



7?i^(a;,A^A^) 8 A 



^i?(l,AOi?(l,A/) 97rV3 A3 

= lexp[9M372A^J.3(r) ."""^"'^ ^ ^ (16) 
2 ^ ^i?(l,A*)i?(l,A/) W3 A3 



where 



oo 1 

R{u,A) = y^ciMiiy^ciQ;exp|-18ii^[l + 2Q;(l-Q;)(u;-l)] + 36KA/ABQ 



oo 1 



X exp|l44ii(A*Q; + A^(l-Q;))/ABQ -432x^2(0;^ + (1-q;)^)| 

The parameters A* and A-^ are the binding energy parameters of the initial and final baryons, 

respectively. Terms proportional to (Mi — M2)/Abq in the exponents have been dropped for 

physical reasons. The quantities ti{r) (r = A/Ag) are given by 

t2{r) = hir) = (1 + r)V4 for A" ^ E^^{E'^^) + K', ^ A+(E+) + K' , 

t^ir) = (1 + r)V4 for ^ + X^, S^- ^ + X", 

i3(r) = (1 + r)V4 for 5° ^ + K^, 

t2(r) = t3(r) = rV(r2 cos^ 5p + sin^ Spf/^ for A^ ^ Ej? + r/, 
t^ir) = t-i{r) = r^/{r^ sin^ 5p + cos^ 5p)^/^ for A^ E° + V, 
t.(r) = rV(r2 cos^ 5p + sin^ 5p)i/2 for 2° ^ 5° (5'°) + r], 
t.(r) = rV(r2 sin^ 6p + cos^ 5p)i/2 fo^ 2° ^ ^"(S'^O) + V, 

and i2(?^) = ^3(^) — 1 foi" other modes. We use the notation Sp — 9p—9i, where 9p — —11° 
is the T] — T)' mixing angle, 9i — 35°. 



4. Results 

In this section we give our numerical results for decay rates and asymmetry parameters. 
The cutoff parameters A^^ and A^^, and the binding energy parameter A arc determined 
from a fit to known branching ratios of nonleptonic decays A+ — > A^tt"*", A+ E^tt"*", 
A+ ^ E+7r°, A+ ^ pK° and A+ ^ E^K+ (see. Table 2). In the fit we use = 1 for 
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the slope of the baryonic Isgur-Wise function, leading to A^, = 3.037 GeV, A^^ = 2.408 
GeV, A = 0.9 GeV. The parameters A^ and A^g cannot be determined at present due to the 
lack of experimental information on the decays of heavy-light baryons containing one or two 
strange quarks. For the time being we fix them at the values As=l GeV and Ass=l.l GeV. 
The masses of hadrons are taken from Ref. 0. 

In Table 3 we give our results for the decay rates and asymmetry parameters for the 
exclusive nonleptonic b cus decays considered in this paper. A clear pattern emerges. 
The dominant rates are into channels with factorizing contributions. Rates which proceed 
only via nonfactorizing diagrams are small but not negligibly small. 

In Table 4 we give the contributions of nonfactorizing diagrams relative to those of the 
factorizing ones for the decay A^ A+tt^ which we predict to have the largest branching 
ratio. The values for overlap integrals for this mode are / = 0.61, H2=24 MeV and if3=12 
MeV. The suppressions of the contributions of diagrams lib and III can in part be traced 
to the helicity suppression factor. The total contribution of the nonfactorizing diagrams 
can be seen to be destructive. The sum of nonfactorizing contributions amount up to 30 % 
of the factorizing contribution in amplitude. Using 'r(Afe) = (1.14 ± 0.08) x 10^^^ s we 
predict a branching ratio of this mode of (0.44 ± 0.003)%. If one neglects the nonfactorizing 
contributions for this mode as was done in i one would obtain an enhanced rate of F = 
0.665 X lO^'^s"^. The prediction for the assymetry parameter remains at a ~ — 1 and is thus 
not affected by such an omission. 

In conclusion, we have calculated the exclusive nonleptonic bottom to charm baryon de- 
cays I"*" ~^ I"*" + 0~ with a light pseudoscalar meson in the final state. The dominant rates 
are into channels with factorizing contributions. Decays which proceed only via the nonfac- 
torizing contributions occur at the 10 % level of the modes with factorizing contributions. 
In the decay A° A+tt^ the total contribution of the nonfactorizing diagrams is destructive 
and amounts up to 30 % of the factorizing contributions in amplitude. The generalization 
to the channels |^ ^ + 1 i |^ ^ |^ + 0^ 1^ ^ 1^ + involving the ground 
state partners of the mesons and baryons in the final state is straightforward and will be 
treated in a subsequent paper. In this paper we discussed only the Cabibbo favoured decays 
induced by the transitions b —>■ cud with a light meson in the final state. There are also a 
number of Cabibbo favoured decays with heavy mesons in the final state which include the 
decays induced by the quark transitions b ccs. The treatment of heavy mesons in the final 
state requires some refinements in our simple Lagrangian spectator model. Again, exclusive 
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nonleptonic heavy baryon decays involving heavy mesons in the final state are the subject 
of a future publication. 
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